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ABSTRACT: Evolutionary mismatch is a state of disequilibrium whereby an organism that evolved in one environment develops a phenotype
that is harmful to its fitness or well-being in another environment. Mismatch is an integral part of evolution in changing environments and is
becoming increasingly common for all species living in human-altered environments. It is especially important to understand mismatch in
relation to our own species since humans have so radically altered their own environment and mismatches can occur for cultural evolution
in addition to genetic evolution. The first part of the article provides a basic tutorial on evolutionary mismatch by clarifying central concepts
in mismatch: that of ancestral environment (E1), the novel environment (E2), and the trait under study (T). Our explanation of the concept of
‘evolutionary mismatch’ necessitates not only theoretical but also practical elaboration and exploration of the following list of properties and
assumptions in order to confirm the application of a mismatch model in real life cases — identifying the population, the traits, inheritance
mechanism, selection pressures and fitness consequences of associated traits in E1 and E2, and lastly integrating proximate and ultimate
explanations for the study of the traits in E1 and E2. The final section presents a list of practical questions for evaluating evolutionary mismatch

hypotheses. We expect that even professional evolutionists can benefit from our “back to basics” approach to one of the central concepts of

evolutionary theory.

PREFACE

This article was originally written in 2012 as part of a col-
laborative project between the National Evolutionary Synthe-
sis Center (NESCent) and the Evolution Institute. The project
brought together over 40 scientists to consider the problem of
evolutionary mismatch in all its diversity and complexity. It was

“

organized under NESCent’s “working group” rubric, which
included three workshops. A subset of the 40 participants
attended these workshops, with the full group functioning as a
virtual community. The first workshop was held between May
1-4, 2011, the second between Nov 17-20, 2011, and the third
between October 12-13, 2012.

The article was first made available as a white paper on the
Evolution Institute website. The intention was for it to become
the lead article in a special issue of an appropriate journal, but
those plans did not materialize. Despite not being published in
a peer-reviewed journal, the white paper did gain an audience

and has been cited 47 times as of this writing. One reason for
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its popularity—and a reason to finally publish this article in an
academic journal—is because it was written as a ‘back to basics’
tutorial: To provide a clear definition of mismatch; to clarify
how to test mismatch models; and to identify what evidence is
required for demonstrating an evolutionary mismatch. The util-
ity of this ‘back to basics’ approach is evident in how the paper
was later cited. The citing authors used the mismatch concept
developed in the white paper in the following fields:
Economics (Witt, 2014), public policy (Wilson & Gowdy,
2013), governance (Cox & Schoon, 2019), quality of life
(Wilson, 2016), urban design (Weaver, 2016), neigh-
borhood decline (Weaver, 2014; Weaver & Bagchi-Sen,
2014), prosociality (Szabo, 2021), privacy (Shariff et
al., 2021), biophilia (Ostner, 2021), depression (Gio-
san, 2020; Malouchou Kanellopoulou, 2021), circadian
rhythm (Gasperoni, 2022), education (Araya Schulz,
2021; Eirdosh & Hanisch, 2019), fake news (Deepak,
2021), water-strider ecology (Castillo & De Ledn, 2021)
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and foraging in an obesogenic environment (de Vries et

al., 2022).

The white paper has also generated vibrant philosophical
enquiries to further clarify the definition of evolutionary mis-
match (Bourrat & Griffiths, 2021; Cofnas, 2016; Morris, 2019,
2020; Sarto-Jackson, 2018) including a highly relevant critique
of adaptationist logic (Lloyd, 2015).

Finally, the white paper has fostered early career research
in the form of masters and doctoral dissertations in the areas of
obesity (Rao, 2019), polycystic ovary syndrome (Pierce, 2021),
cultural mismatch (Espericueta, 2021), privacy (Cester, 2021),
foraging in an obesogenic environment (de Vries, 2021), and
philosophical enquiries into subjectivity (Cuthbertson, 2019).
These authors used the white paper to form the central thesis of
their research, to provide a definition of mismatch, or to directly
engage with the arguments developed in the whitepaper. In
addition to the white paper, a video introduction to the NESCent
funded project can also be found as a collection of 9 YouTube
interviews with workshop participants, which has received a
combined 7,923 views.

Given the influence of this collaborative project between
NESCent and the Evolution Institute, despite the handicap of
not being published in an academic journal, the whitepaper
is as timely in 2024 as it would have been in 2012—perhaps
even more so, given the mismatches that nearly every species
on earth is experiencing during the Anthropocene. We have left
the main body of the article in its original form, adding this pref-
ace, one table citing (Table 1) the more recent literature, and an
additional section called ‘Remaining Questions’ that brings the
article up to date.

It was a pleasure to reconnect with the members of the work-
shop in the process of updating our article, to learn how they

have developed the concept of evolutionary mismatch.

INTRODUCTION

Evolutionary mismatch is a state of disequilibrium between
an organism and its environment. It occurs when a trait evolves
in one environment and then the environment changes, with the
results that the trait has a detrimental effect in the latter envi-
ronment that it did not have in the earlier one. (Related concepts
are discussed in the literature as “adaptive lags” and “adaptive
traps” (Schlaepfer et al., 2002); these are actually subtypes of
evolutionary mismatches, as they assume that the past trait was

an adaptation. In a sense, mismatch is very common, due to a
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lag between the adaptation of species to their environments;
genetic evolution is not instantaneous.

In addition, different types of “environment” are pertinent in
different cases; sometimes this means an abiotic environment,
but sometimes biotic or cultural environments, which can make
a big difference to the speed of the adaptation of the organism to
these aspects of its environment. In a classic case of mismatch,
adaptations that contributed to survival and reproduction in pre-
vious environments become relatively maladaptive in a changed
environment, a situation that can only be addressed by a behav-
ioral accommodation, subsequent evolution, or another environ-
mental change.

The concept of mismatch is so central to evolutionary theory
that a basic tutorial might seem unnecessary. On the contrary, a
“back to basics” treatment is warranted for four reasons. First,
human activities are changing the environments of other spe-
cies at an unprecedented scale (Grimm et al., 2008; Smith &
Bernatchez, 2008; Tseng, 2007). Many species are declining
in large part because they are coping badly with novel environ-
ments, while others are doing so well that we call them pests
(Hendry et al., 2011; Sih et al., 2011). Understanding evolution-
ary mismatch is thus of critical importance for environmental
policy and management. A basic tutorial on mismatch is needed
for the general public and sectors of the academic and public
policy communities that are not already well schooled in evolu-
tionary science.

Second, mismatch is an exceptionally relevant concept for
our own species. The modern human environment is radically
different from the environments we experienced as hunter-gath-
erers in small-scale societies only ten to fifteen thousand years
ago (Barkow et al., 1992). Some genetic evolution has taken
place during this period (Cochran & Harpending, 2009) and
cultural change and niche construction are themselves evolu-
tionary processes that adapt us to our environments (Caval-
li-Sforza, & Feldman, 1981; Jablonka & Lamb, 2014; Laland &
Brown, 2002; Richerson & Boyd, 2008). But cultural evolution
and niche construction also take time, so cultural mismatch
needs to be considered along with genetic mismatch. Moreover,
cultural evolution is not necessarily evolutionarily adaptive
(Toyne, 1999).

Third, even professional evolutionists can benefit from a
“back to basics” approach to fundamental concepts. Consider
the landmark book Natural Selection in the Wild, published by
John Endler in 1986. Despite the fact that natural selection is
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the centerpiece of Darwin’s theory, evolutionists had not devel-
oped a clear set of guidelines for operationally defining it and
standards of evidence for documenting it in natural popula-
tions. Endler’s book performed this “back to basics” service for
the concept of natural selection, and this article aims to perform
the same service for the concept of mismatch.

Fourth, existing concepts of mismatch—John Bowlby’s (1969)
environment of evolutionary adaptedness (EEA), William Irons’
(1998) adaptively relevant environment (ARE) or the concepts
of ‘adaptive lags’ and ‘adaptive traps’ (discussed by Crespi,
2000; Schlaepfer et al., 2002) —are limited in their applica-
tion because they only consider past adaptations that become
maladaptive in a novel environment. Our mismatch concept is
defined in terms of traits that were neutral or maladaptive in
the ancestral environment (e.g., neutral such as byproducts, or
“spandrels”, as termed by Gould & Lewontin, 1979 and become
maladaptive in a different way in a novel environment).

Providing standards of evidence for cases of mismatch in
our own species is especially important because some puta-
tive examples have acquired the reputation of “just-so stories”
(Coyne, 2010; Gould & Lewontin, 1979). Skeptical discussions
often make it appear as if mismatch will forever remain a topic
of idle speculation that is beyond the reach of serious scientific
inquiry. This assessment is too pessimistic. As Endler and
others have shown, hypotheses about adaptation and natural
selection can be tested as thoroughly as other scientific hypoth-
eses, and the same is true for hypotheses about mismatch. It
is true that information about past environments can be diffi-
cult to obtain, but this is a problem for any historical science,
and it is surprising how often hypotheses about the past can be
strongly supported with enough ingenuity. Especially unhelpful
is the suggestion that just because a mismatch hypothesis is dif-
ficult to test, it isn’t worth the effort. A substantial proportion
of human misery is probably due to genetic and cultural mis-
match with our current environments. If mismatch hypotheses
are difficult to test, then that’s all the more reason to invest in
the effort.

Finally, there is the question of what to do about cases of mis-
match after they have been documented (Burnham & Phelan,
2012). An evolutionary mismatch is a particular type of detri-
ment that results from evolution in changing environments.
Evolution can result in dysfunctions for many other reasons.
Consider atherosclerosis, the leading cause of cardiovascular

disease in modern human populations (Lindeberg, 2009). Is it
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caused by an infectious agent? Is it an inevitable consequence of
aging that has become more common because we are living lon-
ger? Or is it caused by a mismatch between our evolved dietary
adaptations and our current food environment? In the last case,
what are the details of the mismatch? Is it an imbalance of mac-
ronutrients, such as too much fat and carbohydrates? Or is it a
more subtle aspect of the modern dietary environment, such as
particular compounds in grains or dairy products that are not
digested and trigger an inappropriate response of the immune
system? Or does it relate to the cultivation of a different intesti-
nal biome, a difference in our coordinating microbial ecology,
in response to our contemporary modern diets? Clearly fram-
ing and testing mismatch hypotheses, along with other hypoth-
eses informed by evolution, organizes the search for relevant
information and possible solutions in ways that might not have
occurred otherwise. As for atherosclerosis, so also for the myr-
iad other maladies afflicting humans and other species in rap-

idly changing environments.

DEFINING EVOLUTIONARY MISMATCH

An evolutionary mismatch can be defined as a negative conse-
quence that results from a trait that evolved in one environment
being placed in another environment. The typical example of
mismatch was an adaptation in the prior environment, but traits
that were originally neutral or even deleterious can potentially
acquire new harmful consequences in an altered environment
(see Crespi, 2000 on maladaptation). This is why the concept of
mismatch is more general than related concepts such as “adap-
tive lag” and “adaptive trap (Schlaepfer et al., 2002).”

The most straightforward examples of mismatch have a clear
temporal component. For example, species of birds on remote
islands often evolve to become fearless of mammalian preda-
tors (Blondel, 2000). Their fearlessness might have been adap-
tive, insofar as it allowed them to better conduct other activities.
Alternatively, their fearlessness might have been a neutral trait,
caused by the accumulation of mutations that are not removed
by natural selection, similar to the loss of eyesight that evolves
in cave-dwelling species (Romero & Green, 2005). Either way,
fearlessness becomes highly disadvantageous when the envi-
ronment changes with the arrival of mammalian predators. In
many cases, the native bird species cannot be trained to be fear-
ful and the only way to prevent their extinction is to restore the
earlier environment by removing the introduced mammalian

predators, or by genetically selecting for more fearful strains



of the native species (Milberg & Tyrberg, 1993; Zavaleta et al,,
2001).

There is a spatial form of evolutionary mismatch that is
closely related to the temporal form. Consider a species of
aquatic insect that has always lived in a heterogeneous environ-
ment; sometimes the insects live in ponds that have fish in them
(which is disastrous for the insects) while at other times they
live in ponds that lack fish (in which case the insects thrive).
Every generation, adults disperse from their natal pond and lay
eggs in new ponds. These insects evolved adaptations that allow
them to preferentially choose ponds without fish, but the adap-
tation is far from perfectly reliable. As a result, in every gener-
ation, some larvae are deposited in bodies of water with fish
and they are decimated. These individuals are as mismatched
to their environments as the island birds encountering mamma-
lian predators in the previous example. However, the species
as a whole never experiences a change in environment, in that
both kinds of pond are present at the same frequencies through-
out the process (McPeek, 2008). This may be an example of
mismatch at the individual organism level, and may or may not
be one at the level of the population or species, since the distri-
bution of insects may represent a risk-constraining strategy. We
shall focus on the population level mismatches for the rest of
this article, but sometimes it may be important to consider this
type of environmental misfit at the organismal or even genetic
level.

Another type of mismatch involves a change in the develop-
mental environment of the organism. In such a case, the organ-
ism develops in a novel environment that is outside the range
of environments its ancestors encountered over its evolutionary
history, and as a result, it develops a phenotype that does not
function well later in life. For example, abandoned children in
Romanian orphanages experienced highly-regimented collec-
tive child-rearing by paid, non-custodial care-givers, amounting
to impoverished cognitive and emotional environments. These
children developed myriad disorders as a result of exposure
to this new developmental environment, including reduced
brain activity, lower 1Q, and lower attachment, language, and
social-emotional development (Nelson et al., 2007; Ellis et al.,
2012).

Traits that evolved in one environment need not be detrimen-
tal in a second environment; they can be neutral or fortuitously
beneficial, but these cases are excluded by the term “mismatch”,

which restricts our attention to the detrimental cases.
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EVIDENCE REQUIRED TO DEMONSTRATE A
CASE OF EVOLUTIONARY MISMATCH

In principle, the evidence required to demonstrate a case of
evolutionary mismatch is straightforward. A given trait (T) must
be shown to be adaptive, neutral, or deleterious in relation to its
ancestral environment (E1), that is, the environment in which it
evolved, and relatively detrimental in relation to another envi-
ronment (E2). “Detrimental” will usually be defined in terms
of evolutionary fitness, but it can also refer to welfare in more
general terms. For example, consider a genetically influenced
human disease that does not manifest itself until late in life. The
disease might have a negligible effect on evolutionary fitness,
but still be well worth curing to reduce human suffering, and
would count for us as an evolutionary mismatch.

Before dealing with problematic cases of mismatch that have
earned the reputation of “just-so stories”, it is important to stress
that some cases of mismatch can be documented as thoroughly
as any scientific fact. As one example, adult aquatic insects that
fly in search of bodies of water are frequently attracted to arti-
ficial reflective surfaces such as solar panels or buildings with
glass surfaces. Their attraction terminates the lineage, and is
therefore obviously dysfunctional in terms evolutionary fitness.
Why does it occur? A plausible hypothesis is that the insects
have evolved to rely on certain cues such as polarized light to
find bodies of water and that reflective artificial surfaces provide
the same cues (Horvath et al., 2010). Horvath and colleagues
tested this hypothesis by measuring the reflection-polarization
characteristics of solar panels in relation to water, along with
choice experiments by various species of aquatic insects. The
authors showed that the solar panels were even more reflective
than water and acted as super-stimuli for the insects, which not
only preferred the panels but even completed their oviposition
behavior.

Armed with this understanding of the proximate mechanism
that causes the mismatch, Horvéth et al., (2010) were able to
solve the problem by adding white non-polarizing borders to the
solar panels. This simple and inexpensive modification resulted
in a 10- to 26-fold decrease in the attractiveness of the solar
panels to the insects. Evidently, their perceptual machinery
had evolved to find relatively large bodies of water and was not
triggered by reflective surfaces enclosed by small non-reflective
boundaries.

To formalize this example, the trait (T) is attraction to polar-

ized reflective surfaces, (E1) are the surfaces of water that were
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present ancestrally, and to which the (T) is adapted, and the
different environment (E2) is man-made polarized reflective
surfaces. The adaptedness of (T) in relation to (E1) can be doc-
umented as well as any scientific fact and need not remain in
the category of “just-so story”. The detrimental consequences
of (T) in relation to (E2) are also easy to document. Finally,
understanding the nature of the adaptation and the mismatch
in mechanistic detail leads to an elegant and simple solution
that might never have been discovered otherwise. Other cases
of mismatch might be more difficult to document and solve than
this case, but the same degree of understanding might be attain-
able with enough hard work. Crespi, (2000) offered a very nice
analysis of the types of evidence that are needed to document
a “maladaptation” (which in our definition of mismatch is not
necessary, but is one important type of mismatch). This anal-
ysis reviews the evidence from developmental mechanisms,
genetics and phenotypic selection that are needed to rigorously
support the claim that a current trait is negatively correlated
with some aspect of the fitness of the organism, a useful list for
us to apply.

What makes a putative case of mismatch such as atheroscle-
rosis in humans more difficult to study than the fatal attraction
of aquatic insects to reflective surfaces? To begin, the trait (T) is
harder to define. If we define the trait as “the disease atheroscle-
rosis”, then it might never have existed in the human ancestral
environment. Instead, the disease should be regarded as a detri-
mental consequence of an interaction between a set of traits (T)
that evolved in an earlier environment (E1) and elements of the
current environment (E2). The set of traits, the earlier environ-
ment, the elements of the current environment, and their inter-
actions all must be determined by scientific research.

The prospects for working out such a complex story might
seem daunting, but consider the plight of biomedical scientists
trying to understand the causes of atherosclerosis without the
help of evolutionary theory. They are faced with the same prob-
lem of understanding a complex interaction between a set of
traits in the organism and a set of traits in the current environ-
ment, sometimes leading to pathological consequences. Is their
plight more or less daunting than the plight of the evolutionist?

We think that the problem faced by the evolutionist is more
tractable, because evolutionary theory offers an abundance of
testable hypotheses that might not occur otherwise. This raises
an important point about the “just-so story” accusation that mer-

its discussion in general terms, before returning to the subject
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of mismatch. “Just-so story” is just another term for “untested
hypothesis.” The purpose of any theory is to generate hypoth-
eses, which always start out as untested. If hypotheses moti-
vated by evolutionary theory were somehow less testable than
other hypotheses, then they could be regarded as deficient, but
there is no warrant for making this claim. Evolutionary theory’s
fecundity as a generator of testable hypotheses should therefore
be regarded as an asset rather than a liability.

To see how this plays out for a disease such as atherosclero-
sis, an evolutionist would immediately think of reasons why a
maladaptive outcome might exist for a given organism in a given
environment. One possibility is that the outcome is caused by
an infectious agent, initiating one line of inquiry (Ewald, 2002).
Another possibility is that the outcome is a negative byprod-
uct of traits that are beneficial in other contexts, initiating
another line of inquiry. A third possibility is that the outcome
reflects a mismatch situation, initiating a third line of inquiry.
A fourth possibility involves the evolutionary pressure of aging
(Medawar, 1952). As we stated earlier, a mismatch is a partic-
ular type of detriment that results from evolution in changing
environments, and the utility of a mismatch hypothesis is the
specific testable predictions that it makes.

In the case of a disease such as atherosclerosis, the mismatch
hypothesis immediately directs attention to foods that are prom-
inent in modern diets (E2) but rare or absent from ancestral
diets (E1). It encourages cross-cultural research and directs
attention toward the few remaining human populations that
still subsist on a pre-agricultural diet (E1). It raises the possibil-
ity of genetic evolution adapting different human populations to
different diets over a range of time scales. It organizes the com-
parative study of nonhuman species. For example, what is the
digestive physiology of grain-eating vs. non-grain-eating rodent
species, and what happens when non-grain-eating species are
fed grain? It suggests new ideas for human dietary trials that
might not have been envisioned otherwise. All of these pre-
dictions start out untested, but they are just as testable as pre-
dictions that are formulated without the help of the mismatch
hypothesis (Lindeberg, 2009).

Since the plight of the evolutionist is still daunting, even if less
daunting than the plight of the non-evolutionist, it is important
to be as clear as possible about the information that is required
to test a mismatch hypothesis and how it can be obtained. In the
next section, we enumerate the types of information that are

required to fully test a mismatch hypothesis. Optimally, when



scientists offer evidence for a case of evolutionary mismatch,
they should include all of these components in their case study
(Lloyd, 1987). At the beginning of an inquiry, a suggestive case
of evolutionary mismatch would specify both a likely population
and a current trait or traits (T), while also specifying and offer-
ing some evidence that the current trait(s) seems to be detrimen-
tal or badly fit to its present environment (E2). Some evidence
may also be given that the trait existed in the past evolutionary
environment (E1) and was also likely adaptive or neutral in that
environment. These are the basics that are required to claim
that a trait is an evolutionary mismatch. More well-established
cases for mismatch require providing evidence for several of
these components, and the more of them that receive empiri-
cal support, the better confirmed the mismatch hypothesis is
(Lloyd, 1987). The confirmation of any explanation is always a

matter of degree; this is not a black and white issue.

INFORMATION THAT IS REQUIRED ToO
SUuPPORT A MISMATCH HYPOTHESIS

In this section, we describe the components of a well-sup-
ported mismatch model, each of which can be supported with
evidence by a variety of methods or techniques. We start with
the population under consideration, and then identify the trait
and its heritability, followed by the selection pressures and fit-
ness consequences of the trait in its ancestral environment (E1).
Then we examine and integrate both ultimate and proximate
explanations for the trait in relation to this ancestral environ-
ment (E1), and compare this to the selection pressures and fit-
ness consequences of the trait in (E2). Finally, we consider the
integration of ultimate and proximate explanations for the trait
in relation to the newer environment, (E2).

The population(s). Any evolutionary scenario must specify
the population that is evolving in relation to its old environment,
(E1), and its new environment, (E2). Evolution involves changes
in a population distribution of traits over time, and we are seek-
ing to define that population here. One reason that our aquatic
insect example seemed simple is because we assumed that
the population is the entire species, which has been uniformly
selected to be attracted to polarized reflective surfaces. In real-
ity, most species are divided into subpopulations that experi-
ence different selection pressures and are connected by varying
degrees of gene flow, so identifying the relevant population for

a given case of mismatch is not necessarily straightforward.
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Clear membership criteria should be given in cases where the
population is subdivided. Identifying the appropriate popula-
tion for a case such as atherosclerosis in humans can be espe-
cially difficult. Is it the original small population that spread out
of Africa approximately 60,000 years ago? Is it the population in
a particular geographical area that has experienced a particular
diet for 3,000, 20,000, or 40,000 years? These questions can
only be answered by empirical research. Once again, if this kind
of research appears daunting, consider the alternative. As a
hypothetical example, suppose that atherosclerosis is caused in
part by a substance in cow milk that is not digested by the adult
human digestive system and triggers a maladaptive response of
the immune system. Suppose that genetic evolution has taken
place in human populations that have subsisted on cow milk
during the last few thousand years, causing them to be less sus-
ceptible to this cause of atherosclerosis than other populations.
How many decades would be required for biomedical research-
ers to come to this conclusion without the guidance provided
by the concept of evolutionary mismatch? To summarize, it is
essential to determine the relevant population for a given case
of mismatch, no matter how easy or hard it might be.

The phenotypic trait(s). Evolutionists define phenotypic
traits with great flexibility, as virtually any measurable property
of an individual organism. Phenotypic traits that are subject to
evolution must be heritable (see below), which means that they
exhibit a correlation between parents and offspring.

Identifying the relevant phenotypic trait(s) (T) in a mismatch
scenario might seem straightforward, but it can become fraught
with difficulties. We will describe two relatively straightforward
cases before turning to more problematic cases. These exam-
ples will also introduce the method of phylogenetic inference,
or “tree thinking”, as a useful tool for studying evolutionary mis-
match.

RuBisCO (for Ribulose-1,5-bisphosphate carboxylase oxy-
genase) is an enzyme that is responsible for the vast amount of
carbon that is fixed into organic form. It is present in virtually
all organisms (with the exception of some viruses that exploit
the enzyme in their hosts), including the three major domains
of Bacteria, Archaea, and Eucaryota, as shown by the phyloge-
netic tree in figure 1. Although it is theoretically possible that
RuBisCO evolved independently in each domain, it is more plau-
sible to hypothesize that it evolved very early in the history of

life, before the domains branched off from each other, as indi-
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cated in the figure.

There is abundant evidence that the earth’s atmosphere was
originally anaerobic and that the accumulation of oxygen was
a toxic byproduct of anaerobic metabolic activities (E1). Aero-
bic metabolism evolved as a response to the new oxygenated
environment (E2). It is also well known that oxygen reacts with
RuBisCO in a way that is deleterious to organisms. Other adap-
tations are required to minimize the exposure of the enzyme
to oxygen (e.g., the creation of a locally anaerobic environment)
and to minimize damage when it occurs (e.g., by mopping up
free radicals (Nisbet et al., 2007; Tabita et al., 2007).

This example contains several important lessons for the
general study of evolutionary mismatch. First, it shows that a
trait (T) can be identified that remains stable across species,
environments, and time periods. The fitness associated with the
trait varies, but the trait itself does not. Second, it shows that an
earlier environment (E1), and the adaptedness of the trait to the
earlier environment, can be ascertained with confidence, even
when it occurred in the far distant past. Third, it illustrates the
utility of “tree thinking” for drawing some of these inferences.
When we are studying a particular case of mismatch in a par-
ticular species, it is helpful to broaden the analysis to include
other species and their historical relationships with each other.
Fourth, it shows that evolutionary mismatches are not neces-
sarily transient, but can become permanent features of life.
RuBisCO is a phenotypic trait (T) that did not change when the
environment changed, but rather remained static while other
traits evolved to ameliorate the negative effects of the new
environment (E2). Human efforts to ameliorate mismatches to
our current environment sometimes bear an intriguing resem-
blance to the traits that evolved to ameliorate the effects of oxy-
gen on RuBisCO.

Our second relatively straightforward example of the role of
phenotypic traits in a mismatch scenario is the genetic evolu-
tion of lactose tolerance in human adults in some populations
but not others (Cochran & Harpending, 2009; Swallow, 2003).
Most mammals are lactose tolerant as infants but lose the abil-
ity to digest lactose as adults. It is not obvious that this should
be the case from an evolutionary perspective. It is perfectly pos-
sible for a trait that is useful early in life to be retained later
in life, but natural selection has been sufficiently economical in
this case to “turn off” the phenotypic trait of the ability to digest
lactose after it is no longer useful (see Crespi, (2000) for some

useful tools to approach cases like this).
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Humans are an exception, but only in some geographical
regions and not others, at least prior to recent worldwide disper-
sal, as shown by the tree diagram in Figure 2. Unlike the tree for
RuBisCO, where the trait is clearly ancestral, the trait of lactose
tolerance in adult humans is clearly derived. Enough research
has been conducted to be confident that the phenotypic trait
evolved not once but at least twice, in Europe and Africa, and
that the genetic basis of the phenotypic trait is different in these
two cases (Cochran & Harpending, 2009; Ingram et al., 2007).
What appears to be a single trait in functional terms is at least
two traits in mechanistic and historical terms. The mechanistic
(or genetical) difference is likely to be important when it comes
to the exact physiological response to lactose, and therefore of
relevance to the question of “what to do about it” in a practical
sense, and on an organismic level.

This example is one of the best documented cases of recent
genetic evolution in humans—and an evolutionary mismatch for
adult humans who are lactose-intolerant (T) in a world where
milk products are a common part of the dietary environment
(E2). It also contains some complexities that are instructive
for the study of evolutionary mismatch as a whole. First, what
seems like a straightforward phenotypic trait, lactose tolerance,
becomes two traits when characterized genetically. This is
likely to be common, because whenever the same phenotypic
trait evolves independently in different populations, the exact
mutations that arise and are selected typically are often not the
same. Second, the fitness consequences of an environmental
change (E2) on a given trait (T), the inability of adults to digest
lactose, are likely to be complex and need to be considered
on a component-by-component basis. When dairy practices
first evolved by cultural evolution, the net benefit was positive
despite the fact that most adults lacked the genetic ability to
digest lactose. Milk products might still have deleterious health
consequences in some respects, even in populations that have
genetically adapted in other respects. In general, many more
generations are required to adapt to deleterious consequences
that are expressed late in life, compared to those that are
expressed during the peak reproductive years of the life cycle.
Thus, milk products are implicated in late-onset diseases such
as atherosclerosis, even in populations that have genetically
evolved to digest lactose (Lindeberg, 2009).

The fact that a disease such as atherosclerosis might have
been virtually nonexistent in humans prior to the advent of agri-

culture (Lindeberg, 2009) challenges conventional thinking



on the stability of phenotypic traits. In the classic mismatch
scenario, a new environment (E2) changes the fitness conse-
quences of a trait (T) but does not change the trait. This can
be true for traits with a strong genetic basis, such as RuBisCO
or a particular genetic change that enables adults to digest lac-
tose, but other phenotypic traits are caused by a more complex
gene-environment interaction. For these traits, a change in the
environment can change the trait, not just the fitness conse-
quences associated with the trait. The hardening of the arter-
ies associated with atherosclerosis provides an example. It is
a genetically heritable phenotypic trait in most modern human
populations, but it may have come into being not by genetic
mutation, but by a change in the gene-environment interactions
caused by a change in the environment. Similar examples are
likely to be common whenever phenotypic traits are caused by
gene-environment interactions. In the atherosclerosis example,
the phenotypic trait is absent in (E1) and suddenly appears in
(E2). It is also possible for a phenotypic trait to be present in
(E1) and (E2) but to have a completely different mechanistic
basis, in which case the phenotypic continuity is misleading.

In problematic cases such as these, the phenotypic traits
are a composite of lower-level traits that are interacting with
each other and the environment. By focusing on the component
traits, we can potentially identify cases where the trait remains
constant and only the fitness consequences are altered by the
environmental change—more like RuBisCO than like athero-
sclerosis.

Sometimes, normally adaptive developmental plasticity can
lead to a mismatch between environment and organism. This
can occur when the organism evolved with a developmentally
plastic trait adapted to respond to specific environmental cues,
such as the long-term availability of good food, but later encoun-
ters a different environment from the one it responded to when
fixing its traits in the womb or early childhood development. A
classic case occurred during the Nazi occupation of the Neth-
erlands during WWII, in which the Dutch experienced a sev-
en-month famine. (We will discuss this case in more detail in
the section, “Selection pressures and fitness consequences of
the traits in (E2)”.) Pregnant Dutch women produced children
during that period who became fetally programmed for a partic-
ular type of metabolism involving very scarce food, and later in
life, experienced a whole set of eating and metabolic disorders

associated with abundant food (Gluckman et al., 2009; Gluck-
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man & Hanson, 2004; Ravelli et al., 1976). In the evolutionary
past, food levels early in life were good predictors of food levels
later in life, but not in this historical episode. Thus, the plastic
trait, (T), of fetal programming according to food availability, a
trait adaptive in the evolutionary context, (E1), became harmful
in (E2), in which the cycle of food availability was much shorter
than in the evolutionary past.

An environmental change can even change the nature of
phenotypic traits that are species-typical and have remained
stable for eons. The vertebrate eye, for example, is a product
of a complex gene-environment interaction during development
(Lachke & Maas, 2010). The reason that eyes develop so reli-
ably is because the elements of the environment involved in the
gene-environment interaction are so reliably present. If these
previously reliable elements of the ancestral environment (E1)
change, then even adaptations that have been species-typical for
eons can become maladaptive. In the case of vision, eye devel-
opment has taken place outdoors with a wide range of focal
distances for eons. In modern human populations, the large
proportion of time spent indoors focusing at short distances
has resulted in an epidemic of vision disorders requiring an
environmental intervention (glasses) to fix (Long, 2018). Even
more severe disorders result when the vertebrate immune sys-
tem develops in modern environments (E2) lacking elements
that were reliably present in the past (E1). The most important
general point is that the trait (T) cannot necessarily be defined
independently of the environments (E1 and E2) when gene-en-
vironment interactions in the development of traits are taken
into account.

Inheritance. All types of traits must be heritable to evolve,
but the raw fact of heritability says remarkably little about a trait
in the absence of other information (Sesardic, 2005). For exam-
ple, a trait that is under strong directional selection evolves until
heritable variation is exhausted. The absence of heritability at
this point says nothing about the presence of heritability during
its evolution. Heritable individual differences can be either
adaptive (e.g., personality differences maintained by balancing
selection) or nonadaptive (e.g., products of recombination, or
being in poor condition, or weak, which are heritable but not
genetic traits). A given trait such as height might have high her-
itability in a uniform environment (such as when everyone is
well fed), and low heritability in a variable environment (such as

when some individuals have more access to food than others).
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Increasingly, evolutionists are studying genetic poly-
morphisms as traits that can be measured directly as DNA
sequences, such as the long and short repeat regions of the
dopamine receptor gene DRD4 (Cochran & Harpending, 2009).
It might seem that such traits can be studied more rigorously
than phenotypic traits whose genetic basis is unknown, but this
is not always the case. Very few genetic polymorphisms result
in a single phenotypic trait whose fitness consequences can be
measured. In most cases, a genetically polymorphic locus plays
arole in the expression of many phenotypic traits through a web
of gene-gene and gene-environment interactions. Studying a
single genetic polymorphism that affects many phenotypic traits
can be as difficult as studying a single phenotypic trait that is
influenced by many genes.

Another important point is that there is more to inheritance
than genetic inheritance. Epigenetic mechanisms, familial and
social learning (in many species), and symbolic systems of
thought (largely restricted to humans) also result in traits that
are transmitted across generations with a correlation between
parents and offspring or their equivalents (Jablonka & Lamb,
2014). A good example of cultural mismatch was documented
by the political scientist Robert Putnam in his book Making
Democracy Work (Putnam, 1992). When Italy decentralized
its government during the 1970’s, the provinces varied greatly
in how well they produced efficient governments of their own.
The variation ran largely along a north-south axis and was due
to differences in social organization that had been in place for
a millennium. Northern provinces had a “horizontal” social
organization, originally based upon trade guilds that encourage
cooperation among peers. Southern provinces had a “vertical”
social organization, originally based upon a military empire,
that caused peers to compete with each other to curry the sup-
port of social superiors. These cultural adaptations to past
environments had a large impact on the capacity for efficient
governance in the current environment. Although Putnam did
not explicitly frame his analysis in terms of cultural evolution
and mismatch, he provided an excellent case study and future
research can probably benefit from a more explicitly evolution-
ary approach.

To summarize, inheritance is required for evolution to occur,
and the more information that can be obtained about inheri-
tance the better, but it must also be appropriately interpreted.
Evidential support of this type can be gained through breeding

experiments (Reznick & Travis, 1996), heritability studies, anal-
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ysis of consecutive generations, and pedigree analysis. Once
again, if this seems dauntingly complex, consider the alterna-
tive of facing the same degree of complexity without the guid-
ance provided by evolutionary theory. Moreover, a strong case
for mismatch can be built without much detailed knowledge
about heritability. In our aquatic insect example, the attraction
of adults to reflective surfaces clearly counts as an adaptation
because it is a complex trait essential for reproduction. This is
the kind of evidence that enabled Darwin to build a compelling
case for his theory of natural selection without any mechanistic
knowledge about inheritance at the organismic level, which also
can be used to produce a strong case for mismatch.

Selection pressures and fitness consequences of the
trait(s) in the ancestral environment (E1). All adaptations
evolve in the context of selective pressures that operated in the
past, which can be called the “adaptively relevant past environ-
ment” or “environment of evolutionary adaptedness”, a term
coined by the pioneering evolutionary psychologist John Bowlby,
(1969). Not all mismatches were adaptations in their past, how-
ever; they could alternatively have been neutral or even detri-
mental. We will use the term “ancestral environment” (E1) for
simplicity, knowing that it needs to be appropriately interpreted.
Evidence for a description of the ancestral environment may
include geological information (for example, about an ice age
or aspects of the savannah environment), information about the
availability of different foods or supplies, or evidence concern-
ing aspects of the local fauna or human social groups that may
be deemed relevant to fitness. Some ancestral environments
are easy to infer, in part because they still exist in the present.
In our aquatic insect example, the ancestral environment was,
and remains, bodies of water with their polarized reflective sur-
faces. For the human eye, the ancestral environment was the
outdoor environment with its range of focal distances.

Because the ancestral environment is defined mostly in terms
of relevant selection pressures, it must be defined separately for
each organismic trait. The appropriate spatial and temporal
scale can be hugely variable, as can be seen from the exam-
ples described in previous sections--everything from RuBisCO,
which became entrenched early in the history of life, to social
organizations that became entrenched in current-day Italy a
mere millennium ago. Some genes that affect human appetite
evolved so long ago that they are also present in nematodes
(Ashrafi et al., 2003). Some aspects of our dietary physiology

might reflect the largely vegetarian diets of the primate order,
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the diets of our more recent chimp-like ancestors that might
have included meat, the diets of our still more recent hominid
ancestors that might have included more meat and foods made
edible by cooking, the diets associated with different regions of
the world inhabited during the last 50,000 years, or the diets
associated with domestication of plants and animals during the
last few thousand years. Research is required to determine the
appropriate spatial and temporal scale for any particular case,
and to verify that the ancestral environment really did display
the hypothesized selective forces. Once again, evolutionary the-
ory makes this formidable task easier by asking the appropriate
questions.

The term “ancestral environment” does not imply that the
relevant selection pressures were homogenous. A given trait
could have been positively selected at some times or locations
but not others, evolving on the strength of its net effect. Patterns
of spatial and temporal heterogeneity in the ancestral environ-
ment are especially important for understanding patterns of
phenotypic plasticity in modern environments. As a straight-
forward example, the trait of human skin pigmentation reflects
patterns of spatial and temporal heterogeneity in the ancestral
environment (Jablonski, 2004). Sunlight is important for the
skin to manufacture vitamin D but also causes cancer. In sunny
equatorial regions, constant exposure to the sun led to the evo-
lution of relatively dark skin as a fixed trait. In the temperate
zones, seasonal variation in exposure to the sun led to the evo-
lution of skin pigmentation as a phenotypically plastic trait—sun
tanning. Dark skinned people who move to temperate regions
suffer from an inability to manufacture vitamin D, a clear case
of mismatch that luckily can be easily corrected with dietary
supplements. People capable of skin tanning can also experi-
ence mismatch in a variety of ways, because their phenotypi-
cally plastic adaptation is calibrated to the particular pattern of
variation that existed in their ancestral environment. A Cauca-
sian person from England who moves to Australia will never
become as dark as the aborigines who have inhabited Australia
for 40,000 years. Anyone capable of tanning who spends a lot of
time indoors or covered with clothing will experience sunburn
when their skin is suddenly exposed to the sun, a pattern of vari-
ation that seldom, if ever, occurred in their ancestral environ-
ment. In general, phenotypically plastic traits are as vulnerable
to mismatch as phenotypically fixed traits, whenever the pat-

terns of environmental variation of the new environment (E2)
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depart from those of the ancestral environment (E1).

Evidence for past selection pressures and fitness conse-
quences can sometimes be obtained by experiments that attempt
to reproduce the hypothesized adaptively relevant ancestral
environment, (E1), while placing organisms that exhibit the rel-
evant trait, (T), in that environment: the consequences for fit-
ness are then obtained through the usual means (Endler, 1986;
Reznick & Travis, 1996). In this fashion, the trait can be cor-
related with fitness gains in the hypothesized past environment,
(E1), thus supporting the claim that in the ancestral condition,
the trait was adaptive. Sometimes the experiment can’t be car-
ried out (either because of biological or ethical considerations).
For example, we can’t manufacture an organism that doesn’t
use RuBISCo, or a human being who doesn'’t like to eat sugar
and fat.

Alternatively, there may be “natural experiments” available
in living populations in various present-day environments. For
example, current human hunter-gatherer societies have often
provided information about the correlations between various
traits and fitness values that are used in evolutionary inferences
(e.g. Boehm, 1993; Lee & Daly, 1999). Such inferences must be
made with due caution (Boehm, 1993), but the information is
still highly useful. For example, a few human populations still
subsist on diets that are largely pre-agricultural. Not only do
these populations differ from populations subsisting on a mod-
ern western diet, but sometimes the frequency distributions
barely overlap. Virtually everyone who subsists on a modern
western diet has at least some fatty deposits in their veins,
which is the cause of atherosclerosis. People at the extreme low
end of the continuum for this trait are at the extreme high end
of the continuum for the same trait on the Trobriand islands
of Melanesia (Lindeberg, 2009). Making use of “natural exper-
iments” such as these is an important precursor to conducting
real experiments, such as dietary trials in which elements of the
diet are systematically varied.

Integrating ultimate and proximate explanations for the
study of the trait(s) in relation to E1. One of the most import-
ant distinctions in evolutionary theory is between ultimate and
proximate causation. Ultimate causation explains why a given
trait evolved, compared to many other traits that could have
evolved, often (but not always) due to the winnowing action of
selection. Proximate causation explains the ontogenetic mech-

anisms that cause the trait to develop in individuals. These
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explanations mutually inform each other and both are required
to fully understand the evolution of any particular trait.

Our aquatic insect example nicely illustrates how ultimate
and proximate explanations both play an essential role in doc-
umenting a case of mismatch. The example begins with the
phenomenon of aquatic insects attracted to artificial polarized
reflective surfaces. Ultimate causation plays a role at the begin-
ning of the inquiry by providing a hypothetical functional expla-
nation: these insects evolved to be attracted to water, which is
mimicked by artificial polarized reflective surfaces. Proximate
causation plays an increasingly large role as the inquiry con-
tinues: not only are the insects attracted to shiny surfaces, but
the particular cue is polarized light unbounded by non-reflective
borders. Knowledge about proximate causation is especially
important for devising a solution to the problem: adding non-re-
flective borders to artificial polarized reflective surfaces. Most
cases of mismatch can benefit from a similar interplay of ulti-
mate and proximate explanation.

In an influential paper titled “The Methods and Aims of
Ethology”, Nobel laureate Nikko Tinbergen (Tinbergen, 1963)
stressed the need for four separate explanations for any par-
ticular trait, including 1) its functional basis; 2) its mechanistic
basis; 3) how it develops during the lifetime of the organism;
and 4) how it evolved during the history of the lineage. “Tinber-
gen’s four questions” as they are often called, are an elaboration
of the ultimate/proximate distinction and serve as well for the
study of mismatch as for the study of ethology or any other topic
that is approached from an evolutionary perspective. We have
already emphasized the importance of understanding develop-
ment, which reveals the interdependence of the foundational
concepts “trait” and “environment.”

Selection pressures and fitness consequences of the
trait(s) in E2. Cases of mismatch often present themselves
in the form of obvious detriments either deleterious to fitness
or well-being that demand an explanation, such as insects
attracted to solar panels or humans dying of heart disease. As
the inquiry continues, it is necessary to identify the relevant
aspects of (E2) that cause the detriment, just as it is necessary
to explain why this trait did not have this negative consequence
in (E1). In our aquatic insect example, it is the polarized light
reflected by artificial surfaces in (E2), and not any other aspect.
In the case of human eye development, it is the contracted range
of focal distances experienced in indoor environments in (E2).

There are a variety of ways to measure the detriment occur-
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ring in cases of mismatch. In cases involving diminishment
of actual evolutionary fitness, there are surrogate measures
or performance measures for fitness, in addition to standard
reproductive success. In general, there is some negative conse-
quence associated with the trait(s), whether it is fitness, well-be-
ing, or other measures of desirability or health. This is the point
at which the notion of evolutionary mismatch offers real insight:
this negative outcome is interpreted as the result of an old, adap-
tive or neutral trait thrust into a new environment, rather than
on the intrinsic pathology of the trait itself. Evidence of a pres-
ent selection pressure (E2), can be found in various cases; for
example, including key elements of the modern western diet,
such as foods rich in fats and sugars. In this case, the presence
of an environment with large quantities and easy access to high
fat and high sugar foods creates a selection pressure new to our
species, and one, combined with our previously evolved prefer-
ences for such foods, detrimental to our health.

In cases of mismatch involving phenotypic plasticity, the rel-
evant aspects of (E2) that cause the detriment can be subtle and
seemingly distantly related to the detriment itself, introduced in
the previous section, “Traits.” Toward the end of World War I,
the Germans imposed a famine upon the Dutch that lasted for
seven months. Decades later, adults who were fetuses during
this period developed diet-related diseases at a greater rate
than those born earlier or later. Until then, no one had imagined
that adult-onset diseases could be influenced by events taking
place so early in life. Although the effect could have been due
to a disruption of development, subsequent research has impli-
cated a form of phenotypic plasticity called Predictive Adaptive
Response (PAR), whereby environmental cues experienced
early in life direct pathways of development that are manifested
throughout life (Gluckman & Hanson, 2004). Evidently, food-
poor and food-rich environments require different metabolic
adaptations, just as sun-rich and sun-poor environments require
different degrees of skin pigmentation. In the ancestral environ-
ment of humans and many other mammals (E1), the amount of
available food varied, but the pattern of spatial and temporal
variation was such that the amount of food experienced early in
life reliably predicted the amount of food available throughout
life. This particular pattern of environmental variation resulted
in a particular pattern of phenotypic plasticity in which the envi-
ronmental cue determining the adult phenotype is experienced
during an early stage of development, even before birth. In the

case of the Dutch famine, the pattern of environmental variation
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in the modern environment (E2) was altered, such that individu-
als experiencing a food-poor environment as fetuses were born
into a food-rich environment, resulting in a host of diet-related
diseases later in life.

This example nicely illustrates some general themes about
mismatch, in addition to the particular points that we are
making about discovering the relevant aspects of (E2). As we
stated earlier, mismatch is a particular type of detriment that
results from evolution, which needs to be distinguished from
other types of detriment. In the case of the Dutch famine, the
adult-onset diseases resulting from food deprivation during
gestation could potentially be explained in two very different
ways: 1) as a disruption of normal development; and 2) as the
normal operation of a phenotypically plastic mechanism that is
mismatched to the current environment. These two hypotheses
make very different predictions that can be used to guide empir-
ical research. It is extremely unlikely that the kind of research
motivated by the mismatch hypothesis would be conducted by
biomedical researchers who do not have the possibility of mis-
match in mind.

Many other examples can be cited in which obvious physio-
logical, behavioral, and social dysfunctions are interpreted as
disruptions of normal development, ignoring the possibility of
adaptive mechanisms of phenotypic plasticity that have become
mismatched to the current environment (Ellis et al., 2012 for
risky adolescent behavior).

Integrating ultimate and proximate explanations for the
study of the trait(s) in relation to (E2). Taking both ultimate
and proximate causation into account is as important for study-
ing the trait in relation to (E2) as to (E1). In cases where the
trait was an adaptation in (E1), its functional design in relation
to (E1) needs to be understood to appreciate how it is misfir-
ing in (E2). Optimality models can be used to formulate test-
able hypotheses, and we can do experiments on mechanisms
in present-day organisms to explore the present-day effects of
traits evolved in (E1) on fitness, well-being, or other measures
of desirability. Continuing the example of the previous section,
a PAR (Predictive Adaptive Response) is a strategy in terms of
ultimate causation, requiring the fetus to make a decision on the
basis of available information. The fact that the fetus might still
lack a brain is irrelevant. Bacteria and plants also lack brains,
but they also make many “decisions” (i.e., adaptively changing

their behavior on the basis of environmental information) as far

Peer Review Article

This View of Life

as ultimate causation is concerned.

Of course, to make further progress, we must know the prox-
imate mechanisms whereby the decision is made. In the case of
human fetuses “deciding” which metabolic strategy to employ,
the information takes the form of certain substances derived
from the environment that trigger different patterns of gene
expression, and so on. The more the mismatch is understood
from both an ultimate and proximate evolutionary perspective,
the more likely solutions will be found to prevent detriment from
taking place in the current environment. For these purposes, we
need information about actual mechanisms linking the trait(s)
and fitness or other measures arising out of the experiments
mentioned in the above section, as well as the studies of past

and present selection pressures.

CONCLUSION: EVIDENTIAL REQUIREMENTS
FOR EVOLUTIONARY MISMATCH

The purpose of this article is to provide a “back to basics”
account of evolutionary mismatch, which can be as useful for
the professional evolutionist as for readers encountering the
concept for the first time. The classic case of mismatch involves
a trait (T) that can be clearly measured, is clearly adapted to an
earlier environment (E1) and clearly maladapted to a current
environment (E2). We have shown that a more thorough analy-
sis reveals many subtleties, such as when the trait itself changes
with the environmental change, based on gene-environment
interactions, or when the earlier trait is neutral or disadvanta-
geous, while the later trait may not necessarily be maladaptive,
but merely damaging to health or wellbeing.

A central objective of this article is to outline the evidence
required to support a mismatch hypothesis. In sum, a well-es-
tablished case of evolutionary mismatch would specify both a
population and a current trait or traits, (T), while also specify-
ing and offering evidence that the current trait(s) is correlated
with detrimental outcomes or evidence that it is badly fit to its
present environment (E2). Some evidence supporting the inher-
itance or genetic basis of the trait should also ideally be offered.
A mechanism linking this trait(s) to the detrimental outcome
should also be provided. Evidence should also be given that the
trait existed in the ancestral environment (E1). If the claim is
not that the trait was neutral in the evolutionary past, but was, in
fact, adaptive, then evidence needs to be offered that in the past

environment of evolutionary adaptation the trait promoted fit-
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ness. In addition, evidence concerning a mechanism linking the
trait to evolutionary fitness in the past also needs to be provided.

The amount of effort required to support a mismatch hypoth-
esis is highly variable. In some cases, such as aquatic insects
attracted to reflective surfaces or baby sea turtles heading
inland toward artificial lights, the mismatch is glaringly obvi-
ous. Other cases are more subtle, requiring information that is
exceedingly difficult to obtain. Even for the difficult cases, how-
ever, a clear understanding of mismatch as one kind of detri-
ment that can result from evolution makes the inquiry easier
than it would be otherwise. A summary list of desirable types of

evidence for a well-supported case is provided in Table 2.

REMAINING QUESTIONS

Why do cases of mismatch persist? Mismatch is typically
regarded as a transient condition, in which the trait that has
become detrimental in (E2) is gradually modified by natural
selection, or the organism modifies its environment through
niche construction, or both. The amount of time required
depends upon factors such as the intensity of selection, the her-
itability of the trait, and the availability of more adaptive vari-
ants. Deleterious effects expressed toward the end of the life
cycle will be removed more slowly than those that are exhibited
during peak years of reproductive value, as we have seen in the
case of dietary mismatch. In addition, some cases of mismatch
can become permanently entrenched, as we saw in the case of
RuBisCO, in which the cost of the trait (T) in the new environ-
ment is ameliorated by the evolution of other traits, rather than
via a modification of the original trait.

Even strong selection on the trait (T) in the new environment
(E2) can require too many generations to solve problems of
mismatch in a practical sense. In one classic example, baby sea
turtles that hatch on the beach have evolved to make their way
toward the sea by being attracted to light reflected on the water
surface (E1). They become disoriented by lights from beach
houses (E2), causing them to head inland, which is fatal. Very
strong selection is operating on the phenotypic trait of orienting
toward the sea (T), but there is no guarantee that the population
will respond to selection before going extinct. An environmental
intervention is required, such as shielding the lights from beach
houses or collecting the turtles and carrying them to the sea
(Schlaepfer et al., 2002).

It is important to remember that some cases of mismatch
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involve traits that are nearly neutral with respect to genetic fit-
ness but nevertheless important for human or animal welfare,
such as diseases expressed very late in life. These cases of mis-
match will persist for a very long time unless an environmental
intervention is found.

Responses to mismatch. It is beyond the scope of this paper
to go into any depth on this topic, but we do want to mention a
few thoughts, elaborated by Terry Burnham and Jay Phelan in
their book, Mean Genes (2001), on general strategies to respond
to evolutionary and cultural mismatch. Let’s take a case in
which we view the negative impact of mismatch in which an ani-
mal chooses an option A over a feasible option B, and we have a
view that B is better. “Better” can have many meanings includ-
ing surviving instead of dying or being healthier; it can also be
defined in terms of some larger group of organisms such as an
organization, a group, a country, a species, or an ecosystem.
What sorts of strategies can we employ to alter the negative out-
come? Burnham and Phelan explored various strategies in their
book, and we'll simply mention them here.

1. Add options. We can create option C where the organ-
ism prefers C to the ‘bad’ outcome of A. Some examples of C in
human areas might be, a roller coaster instead of driving a car
fast, methadone instead of heroin, NutraSweet instead of sugar.
In all of these cases, the new option might be worse than the old
option, but they are illustrative.

2. Remove options. If we can remove the bad option A we
may be able to improve the outcome. Horvath and co-authors
removed the bad version of the solar panel by adding the small
non-reflective boundaries. In human behavior, people have been
particularly interested in the notion of mast-strapping (from The
Odyssey) where people commit to certain paths. This removal
of choices can be a powerful method of favoring constructive
actions. For example, people can legally bind themselves to
payroll deductions to increase their savings. Similarly, they can
limit food options brought into the house, or not take a credit
card to a casino.

3. Alter the organism so that it no longer prefers the bad
options. The compound antabuse is designed to make alcohol
unpleasant. There are nicotine vaccines that aim to remove the
pleasant feeling from the drug (Hatsukami et al., 2005). A less
technological version of this strategy is to eat before going to the
grocery store. A satiated shopper may make better purchases

than one who is hungry.



14

4. Will power. For humans, we might be able to train peo-
ple to make better choices. At one level they still prefer the bad
option A, but manage to choose B. This might work in some
cases for some humans, but in many cases people have already
tried to use will power and failed. Thus, strategies 1-3 are more
likely to work in many circumstances.

Overview of current research on mismatch. Below is a brief
overview of the mismatch-related research since the last NES-
Cent workshop in 2012 by the authors in the acknowledgement
section to bring this article up to date with recent research. An
additional table (Table 1) provides a brief survey of current mis-
match research not already included in this section.

Darwinian Economics. Neoclassical economic thinking
rests on the assumptions that preferences a) remain stable
despite circumstances and irrespective of age, and b) are guided
through unconscious rational choice processes leading to max-
imization. Behavioral economics’ critique of neoclassical eco-
nomics recognizes deviations from rational choice as anoma-
lies, however, fails to explain the origin of anomalous behavior.
Through a series of publications called Ordinaries Columns in
the Journal of Bioeconomics, Burnham and colleagues address
the behavioral critique and provide a root cause analysis of
anomalous behaviors by bringing economics in contact with
modern evolutionary theory and especially evolutionary mis-
match (Burnham, 2016; Burnham & Phelan, 2021; for a classic
source see Frank, 1988).

Causes of maladaptations. Human induced rapid environ-
mental change has resulted in plant and animal communities
being maladapted to their environment. A body of work has
arisen in recent years exploring the root causes of this maladap-
tation — ecological, evolutionary, developmental, and behavioral
causes have been identified. This suggests an intellectual turn
from studying design and adaptations to studying maladapta-
tions due to climate change with implications for policy and con-
servation (Brady, Bolnick, Angert, et al., 2019; Brady, Bolnick,
Barrett, et al., 2019). See especially the introductory article by
Brady, Bolnick, Barrett, et al., (2019) to a Special Feature on
Maladaptation which was a product of a working group which
met between December 2015 and 2016 at McGill University’s
Gault Preserve and of a symposium held at the 2018 meeting
of the American Society of Naturalists in Asilomar, California.
These theoretical advances have been accompanied with an

empirically oriented metanalysis of the utility of conservation
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strategies (Derry et al., 2019), and a database of rates of phe-
notypic change of microevolutionary processes associated with
human disturbances (Sanderson et al., 2022).

Ecological and evolutionary traps. A related body of work
has developed under the rubric of ‘traps’ (Robertson et al., 2013;
Robertson & Chalfoun, 2016). Organisms rely on environmen-
tal cues to determine current and future environmental states
—rapid environmental change creates a mismatch such that the
organism is unable to accurately assess fitness relevant prop-
erties of the environment. A trapped organism prefers a novel
environmental cue that mimics the properties of the environ-
ment it originally evolved in without receiving the expected fit-
ness benefits (aquatic insect and polarized example elaborated
above).

Behavioral plasticity. Novel environmental cues also pro-
vide a learning opportunity. Species which show reliance on
learning could, if appropriate priming at the developmental
stage is present, show behavioral adaptations which surmount
the effects of a novel environment. This was originally shown
and confirmed in Shah et al., (2010) and Urszan et al., (2018).

On the other hand, Barrett et al., (2019) show how cultural
transmission and social learning could constrain the acquisi-
tion of adaptive behavior in a trapped organism if the organism
continues to learn outdated information about the environment.
Moreover, properties of a novel environment itself could alter
the cultural transmission process by disturbing the signal
between sender and receiver.

Sih, (2013) provides a conceptual overview to understand
this variation in behavioral responses in trapped organisms by
drawing on research from signal detection theory, extended
reaction norms, cost-benefit theory, and adaptive plasticity the-
ory. Based on this pluralistic perspective Sih, (2013) suggests
that behavioral variation in responses to human induced rapid
change arises due to the following factors; a) existing behav-
ioral ‘rules of thumb’, b) accuracy of available of environmental
information, c) organism’s behavioral flexibility, d) past evolu-
tion and developmental experience, and €) the degree of match/
mismatch between past and current environments.

Restoration ecology and community interactions. Smith
et al., (2015) flip the conversation around novelty by focusing on
the effect of introduced novel species on the environment. Novel
species could lead to community wide changes in the local

environment altering the local diversity and creating a cascade
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of novel environments for all species linked in the community
web. Downstream implications of community restoration proj-
ects which focus only on the foundation species while ignoring
the global consequences are explored in Whitham et al., (2020).
Evans et al., (2016), Gehring et al., (2014), and Stone et al.,
(2018) show how cascading effects of plant stress affects whole
communities from microbes to vertebrates.

Maternal constraints and developmental mismatch. Cues
received in early development influence the development of
phenotypes in later life. In an unchanging environment these
cues are reliable predictors of the future state resulting in an
adapted phenotype, however, when the predicted and actual
environment differs, a developmental mismatch could lead to
maladaptive fitness outcomes and/or poor health and well-be-
ing. For more, see Gluckman et al., (2019) and the other 17 arti-
cles in the associated theme issue on “Developing differences;
early life effects and evolutionary medicine.”

Senescence and life-history strategy. Ratikainen & Kokko,
(2019) propose that organisms need not be stuck along a given
maladaptive developmental response. Their models show that
reversible phenotypic plasticity — ability to change phenotype
and lifespan — may coevolve and be causally linked to slow/fast
changes in environmental fluctuations. For instance, in slow
changing environments benefits of reversible plasticity are
small because they are never realized over the life span of the
organism. In such an environment high reproductive effort and
shorter lifespans with a fast life history strategy is predicted to

be favored by their model.
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This View of Life

Citation

Title

Overview

(Biglan et al., 2019)

The socialization of boys and men in the
modern era: An evolutionary mismatch

Mismatch between modern
society and male phenotypes.

(Boonstra et al., 2016)

Human responses to social-ecological
traps

Socio-ecological traps — brings
into focus social factots to the
discussion on ecological and
evolutionary traps

(Charifson & Trumble,
2019)

Evolutionary origins of polycystic ovary
syndrome: An environmental mismatch

disorder

Polycystic ovary syndrome as a
mismatch between neutral genetic
variation and sedentary
industrialized envitonments

(Crespi, 2020)

Evolutionary medical insights into the
SARS-CoV-2 pandemic

How mismatch mediates the
interactions between bat-derived
viruses and human immune
system, Considers implications for
COVID-19 therapy.

(Gelfand, 2021)

Cultural Evolutionaty Mismatches in
Response to Collective Threat

Adaptive calibration of cultural
norms to mitigate collective
threats

(Gurven & Lieberman,
2020)

WEIRD bodies: mismatch, medicine,
and missing diversity

Integrating mismatch with
population history and evolved
reaction notms to prevent and
treat diseases.

(Li etal, 2018)

'The Evolutionary Mismatch Hypothesis:
Implications for Psychological Science

Provides an overview of the
mismatch process along four
dimensions; source, type, cause
and consequences.

(Lin et al., 2020)

Using antagonistic pleiotropy to design a
chemotherapy-induced evolutionary trap
to target drug resistance in cancer

Leveraging drug induced
antagonistic pleiotropy to design
evolutionary traps which
selectively targets drug resistance
cancet.

(Logan & Jacka, 2014)

Nutritional psychiatry research: an
emerging discipline and its intersection
with global urbanization, environmental
challenges and the evolutionary
mismatch

Implications of dietary
evolutionary mismatch in
depression, anxiety, and other
mental disorders.

(Pollack et al., 2022)

Enhancing the ecological realism of
evolutionary mismatch theory

Signal-detection theory provides a
framework for between and
within species variation in
responses to evolutionary
mismatch.

(Sbatra et al., 2019)

Smartphones and Close Relationships:
'The Case for an Evolutionary Mismatch

Uses attachment theoty to show
how smartphones cue and hijack
evolved predispositions for social
bonding.

(Vugt & Ronay, 2014)

The evolutionary psychology of
leadetship: Theoty, review, and roadmap

Uses evolutionary mismatch
theoty to delineate how modern
organizations are at odds with our
evolved predispositions.

TABLE 1. A BRIEF SURVEY OF CURRENT MISMATCH RESEARCH NOT ALREADY INCLUDED IN THE REMAINING

QUESTIONS SECTION.
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Evolutionary Mismatch and How To Evaluate It

Summary list of desirable types of evidence for a well-supported case.

#1

Specification of a current trait (T) or (T'1, T2, T3...Tn) exhibited in individuals in a
population in (E2).

H2

Some evidence of (T)’s (or (T'1, T2, T3...Tn)’s) inheritance — whether genetic,
phenotypic, or cultural — across generations, needs to be provided.

#3

Define the ancestral or evolutionary environment (E1) for the individuals possessing the

trait(s) (T).

#4

Define the individual’s present environment (E2).

#5

Provide evidence that the trait (T) existed in the ancestral evolutionary environment (E1).

#6

Offer some evidence that (T) was also likely adaptive, neutral, or less deleterious (or
deleterious for a different reason) in that environment (E1).

#7

If the trait is claimed to be evolutionarily adaptive in (E1), an appropriate link to
evolutionary fitness in (E1) should be provided. E.g., the insects are attracted to polarized
light, which encourages them in a fitness-enhancing activity of spreading their seed in the
water.

#8

If (T) claimed to be adaptive in (E1), offer some evidence for selective mechanisms in
(E1), if available.

#9

Offer solid evidence that the current trait(s) (T) seems to be detrimental or badly fit
(either in evolutionary fitness or well-being) to its present environment (E2).

#10

Offer evidence for a selective mechanism in (E2), if known.
This step provides the present proximate cause of the trait, which is often in conflict with
the organism’s ultimate cause, as in the case of the polarized surface-attractant insects.

TABLE 2. THE MORE OF THESE ITEMS THAT RECEIVE EMPIRICAL SUPPORT, THE BETTER CONFIRMED THE MISMATCH
HYPOTHESIS IS.

RuBisCO RuBisCO RuBisCO
Bacteria Archaea Eucaryota
oxygen
no oxygen

\@f RuBisCO

FiIGURE 1. RuBI1SCO EVOLVED EARLY IN THE HISTORY OF LIFE AND IS PRESENT IN VIRTUALLY ALL CURRENT-DAY
ORGANISMS, DESPITE NEGATIVE EFFECTS IN OXYGENATED ENVIRONMENTS.
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